Abstract: Wind turbine noise (WTN) generally has amplitude modulation (AM) components, which often cause psychological annoyance in residential areas around the power generation plant. To investigate the directivity of AM sound generated from a wind turbine, field measurements have been performed under various wind conditions. Some receiving points were set circularly around a single wind turbine, and meteorological and associated wind turbine operational data were collected along with corresponding acoustic data. The method for extracting the AM components from the analyzed sound pressure levels at 100 ms intervals is based on the ideas of the F-S method. The results revealed a distinguishable directivity pattern of the strength of the AM components contained in WTN. The magnitudes of AM sound become lower in the downwind directions and highest in the direction approximately 60
INTRODUCTION
The noise generated from wind turbines is classifiable as aerodynamic or mechanical sound. Aerodynamic sound is generated from the blades rotating through the air and passing by a tower, and mechanical sound is emitted by some of the equipment in the nacelle. Wind turbine noise (WTN) is typically dominated by aerodynamic broadband sound but often has discrete tonal components included in the mechanical sound [1, 2] . WTN often causes serious annoyance in areas around the wind generation plant even though the A-weighted sound pressure levels are not so high compared with other community noise. This could be because of the amplitude modulation (AM) or tonal components contained in WTN [3] [4] [5] [6] .
We performed field measurements around two different wind turbines under various wind conditions in [2010] [2011] [2012] [2013] to examine the noise directional characteristics, tonal components, and rotor rotational speed dependence of WTN in emission areas [7] [8] [9] . These studies revealed that the A-weighted sound pressure levels L Aeq,10s in the crosswind direction are almost 5 dB lower than those in the up-and downwind directions, and the relationship between WTN and the rotor speed is extremely strong compared with that with the wind speed at the hub height.
Regarding the directivity of the strength of the AM components contained in WTN, some studies based on aerodynamic sound theories and experiments have been carried out [10] [11] [12] . Lee et al. [10] calculated the dependence of the magnitude of AM sound on the observer location by using the two-dimensional trailing edge noise model and reported that the magnitudes of AM sound in the crosswind direction are higher than those in the upand downwind directions. In this numerical simulation, however, acoustic reflections from the ground surface or aerodynamic sound induced at the moment when a blade passes by the front of a tower were not taken into account.
Additionally, on the basis of noise measurement under a limited range of wind conditions, Oerlemans and Schepers [11] and Fukushima et al. [12] reported that the magnitudes of AM sound become higher within the ranges of or 45-90 relative to the yaw angle of the nacelle. Hereinafter, the yaw angle of the nacelle is referred to as the ''nacelle direction. '' In the present work [13, 14] , the horizontal directivity of AM sound in emission areas was investigated using the A-weighted sound pressure levels obtained from measurements over eight days under actual wind conditions. In addition, to examine the changes in the strength distribution of AM sound at different distances, measurements at horizontal distances of up to 200 m from the wind turbine were carried out over three days. The method for determining the strength of the AM components contained in the measured sound pressure levels was based on the ideas of the F-S method proposed by Fukushima and Tachibana [12, 15, 16] .
METHODS FOR MEASUREMENT AND ANALYSIS
Noise measurements were performed around a single wind turbine. The turbine has an upwind rotor diameter of 70.5 m and a hub height of 65 m. Its rated wind speed, output power, and rotor rotational speed are 12 m/s, 1.5 MW, and 20 rpm, respectively. To determine the directional characteristics of WTN, six receiving points ( , sound level meter: ONOSOKKI LA-1440) were circularly arranged within a range of 210 around the wind turbine, as shown in Fig. 1 . These points at a height of 1.2 m were set at a horizontal distance of 50 m except for one point (distance of 40 m). The effective measurement period was over eight days in 2010-11. In addition, six years later, to examine noise propagation from the wind turbine at the same site, measurements were carried out at horizontal distances of 80, 100, 150, and 200 m over three days ( : receiving point). An all-weather-type wind screen with a diameter of 20 cm was installed on each microphone. All acoustic signals measured using the A-frequency weighting were recorded on PCM recorders (SONY PCM-M10, 48 kHz sampling, 16 bits).
The A-weighted sound pressure levels in 1/3-octave bands for the frequency range from 50 Hz to 5 kHz were analyzed at 100 ms intervals (L p;100ms ) from the recordings. These instantaneous levels were stored through the FAST time-weighting characteristic of a signal analyzer (RION SA-01A4). To eliminate periods with intruding intermittent specific noise (e.g., road vehicles, aircraft, and birdsong) and wind-induced noise at a microphone, instantaneous changes in the 1/3-octave band spectrum owing to them were checked carefully while reproducing the sound. In addition, with the wind turbine stopped forcibly during measurements, background noise was measured under various wind speeds, and the residual noise levels (L A95,10min in 1/3-octave bands) were evaluated.
Meteorological and wind turbine operational data (wind speed at hub height, nacelle direction, output power, and rotor rotational speed) during noise measurements were collected at 1 s intervals. These mean values were calculated over a certain period of time synchronized with the acoustic measured data.
Method for Quantifying Strength of AM Components
The measurement data of WTN in emission areas contain periodic fluctuations (AM) due to the blade passing as well as irregular gradual changes in sound radiation power caused by wind speed (rotor rotational speed) variations. Several methods for quantifying the strength of the AM components have been proposed, in which the frequency and magnitude of the envelope of AM are detected by applying signal processing techniques [4, 5, 17] . In this study, to extract the periodic fluctuations of AM by removing the gradual changes from the analyzed data, the F-S method proposed by Fukushima and Tachibana was used as a reference [6, 12] . According to the F-S method, the AM component is detected by calculating the difference ÁL A between the A-weighted sound pressure level with the FAST time-weighting L A,F and that with the SLOW time-weighting L A,S and then the 90% range of ÁL A over a certain period of time is obtained as a measure indicating the AM depth D AM , which evaluates the strength of the AM components. The effectiveness of the F-S method has been theoretically proved [15, 16] , while we used a moving average value of L A,100ms (L A,F ) instead of L A,S to simplify the calculation procedure without synchronously recording both L A,F and L A,S , as follows:
ÁL ave,3s ¼ 1 3 
where L ave,3s is the 3 s moving-average value of L A,100ms and approximately comparable to the mean sound pressure level as three blades pass through (e.g., a blade-passing period of 1.0 to 1.7 s for the target wind turbine). The values of ÁL A,5 and ÁL A,95 are the 5 and 95% points on the cumulative distribution of ÁL A , respectively. Figure 2 shows the time series of L A,100ms , L ave,3s , ÁL A , and D AM calculated at 30 s intervals when the wind turbine operated at around its rated speed (CASE 1, 17-20 rpm) and at a low speed (CASE 2, 13-17 rpm). The A-weighted sound pressure level of WTN varies gradually with the rotational speed V R and the changes in the moving average value L ave,3s are similar to those in V R . Furthermore, it can be seen that the rotor speed varies by about 2 rpm in only a few minutes under actual meteorological conditions. Thus, the rotor rotational speed is estimated by using the AM components ÁL A over 30 s or 1 min. The examples of the Fourier amplitude spectrum and auto-correlation coefficients of ÁL A in the first 30 s are presented in Fig. 2 Consequently, from a practical perspective, the AM components due to the blade passing can be easily extracted from the data measured around the single wind turbine by using the level difference ÁL A between L A,100ms and L ave,3s .
Comparison with AM Depth Calculated by F-S
Method The AM depths D AM obtained from all the measured data at a receiving point were compared with those calculated by the F-S method. Figure 3 shows the results of D AM over 30 s and 1 min periods. The values on the y-axis are D AM calculated by the F-S method. Although the level differences of D AM between both methods were AE1 dB in some cases, the mean difference and standard error were almost À0:2 and 0.5 dB, respectively. No marked difference was found in the obtained D AM by both methods.
To confirm the magnitude of the AM depth D AM for different analysis time ranges, a comparison between D AM,30s and D AM,60s is presented in Fig. 4 . It can be clearly seen that both magnitudes of the AM depth are in good agreement. Thus, the directivity characteristics of the strength of the AM components around the single wind turbine were examined by using D AM,30s in the subsequent sections.
HORIZONTAL DIRECTIVITY
OF AM COMPONENTS 3.1. AM Depth under Actual Meteorological Conditions The noise measurement in emission areas was previously performed over the range from the cut-in wind speed of 3 m/s to the rated wind speed of 12 m/s (rotor rotational speed: 12-20 rpm) [8] . The AM depths D AM,30s were calculated using all measurement data at six receiving points. Figure 5 shows the horizontal distributions of D AM,30s plotted against the receiving position relative to the front of the wind turbine. The receiving position was determined from the angle between each receiving point and the nacelle direction. The number of collected data was 2,355. The red circles ( ) indicate the calculated arithmetic mean values at 15 intervals, assuming D AM,30s at a distance of 40 m to be equivalent to that at 50 m even though the attenuation of geometrical spreading up to each point is different (see Fig. 1 ).
On the whole, the magnitude of the AM depth D AM,30s in the emission areas was from 1 to 5 dB and tended to be higher in the range of AE90 relative to the front of the nacelle. In addition, no marked difference was found in D AM,30s between the left and right sides of the nacelle.
Next, to examine the dependence of the AM depths D AM,30s on the rotor rotational speed, the distributions of D AM,30s in different speed intervals were determined. Figure 6 presents the results using data within the ranges of 30-60 and 300-330
, in which the variations of D AM,30s were relatively large. The error bars in the figures indicate the standard deviation of D AM,30s . Although the magnitude of D AM,30s tended to increase with increasing rotor rotational speed, the differences in the average value ( ) were as small as 1 dB at the maximum and no major differences were found between the distributions of D AM,30s at 18-20 and 20 rpm.
Directivity of AM Depth
On the basis of the above results, we examined the horizontal directivity of the AM components contained in WTN by using D AM,30s at 18 rpm or more, assuming their directivity to be symmetrical with the nacelle direction, as with the sound pressure level radiated from the wind turbine [8, 18] . The mean D AM,30s at 15 intervals was calculated using data within AE7:5 relative to each direction. Figure 7 shows the results for the A-weighted sound pressure levels in 1/1-octave bands, which are the dominant middle-frequency components (250 Hz, 500 Hz, 1 kHz) of WTN [9] . As a reference, the directivity of the time-averaged A-weighted sound pressure level L Aeq,30s at a distance of 50 m was calculated using the same data (see Fig. 7 ). The time-averaged level L Aeq,30s obtained at a distance of 40 m was converted to that at 50 m in consideration of the difference in the attenuation of geometrical spreading for a point source set at the rotor center.
Furthermore, to see the directivity patterns of D AM,30s and L Aeq,30s , these values were fitted using a fourth-order polynomial and a simple formula combined with bi-and omnidirectional patterns [8, 9] , respectively, as follows:
where is the direction of the measuring position relative to the nacelle direction (0
360
) and the coefficients (a n , a, b, and c) were derived from the mean D AM,30s and L Aeq,30s at 15 intervals, as shown in Table 1 The average magnitudes of the AM depth D AM,30s were from 2 to 4 dB and tended to be highest at an angle of approximately 60 relative to the nacelle direction (upwind condition). This tendency can be seen in the dominant middle-frequency components of WTN. The directivity pattern for the strength of the AM components contained in WTN is considered to be due not only to the trailing edge noise from the rotating blades but also to aerodynamic noise induced at the moment when the blades pass through the front of the tower. The induced noise between the rotating blades and the tower is also referred to as blade- tower interaction noise. The trailing edge noise is the most important component contained in WTN, while the influence of the blade-tower interaction on aerodynamic noise in front of the tower should not be ignored, as reported in Ref. [19] . However, it is necessary to theoretically prove the existence of this phenomenon for AM sound around the tower. Additionally, the time-averaged A-weighted sound pressure levels L Aeq,30s in the crosswind direction were almost 5 dB lower than those in the up-or downwind directions, as demonstrated in our previous study [8, 9] , which is the result based on the time-averaged sound level L Aeq,10s at 10 s intervals (IEC 61400-11:2012 [20] ).
DISTANCE DEPENDENCE OF AM COMPONENTS
Measurements of the noise propagation from the wind turbine have been carried out at the same site. The effective measurement period was three days in 2016-17. The receiving points at a height of 1.2 m were set at horizontal distances of 80, 100, 150, and 200 m (see Fig. 1 ). The distance of the receiving point at 100 m is equal to the reference distance, as described in IEC 61400-11:2012. To investigate the changes in the strength of the AM components contained in WTN at different propagation distances, the AM depths D AM,30s were calculated using measured data at rotor speeds of 18 rpm or more. Figure 9 shows the mean D AM,30s and time-averaged A-weighted sound pressure level L Aeq,30s ( ) plotted against the slant distance from the rotor center to the receiver. The directions of the receiving positions were within 80-110 relative to the nacelle direction (crosswind condition). The inverted triangles ( ) in the figure indicate the obtained D AM,30s and L Aeq,30s in the measurement in 2010-11 under the same operational conditions. The numbers of data at each receiving point (50-200 m) were 80, 93, 86, 79, and 117.
It can be seen that almost all the magnitudes of the AM depth D AM,30s still remained above 2 dB even at a horizontal distance of 200 m, whereas L Aeq,30s decreased with increasing distance. In an auditory experiment conducted by Yokoyama and Tachibana [21, 22] , it was revealed that the threshold of fluctuation sensation is (4) and (5), respectively). 1.7 dB in terms of D AM and that the sensation of noisiness tends to increase with increasing D AM . Therefore, the AM components contained in WTN should not become low even at distances of a few hundred meters, and this is the reason why nearby residents could be disturbed by WTN even though the sound levels L Aeq are relatively low [5, 6, 10] .
ESTIMATION OF ROTOR ROTATIONAL SPEED
As demonstrated in our previous studies [8, 9] , the sound emitted by wind turbines has a strong relationship with the rotor rotational speed. However, it is generally difficult to obtain the actual rotor speed at intervals of a few seconds during noise measurements. Therefore, we focused on the AM components ÁL A of WTN, and compared the rotor speed estimated using ÁL A with the actual mean speed. The methods for extracting ÁL A from the measured L A,100ms and estimating the rotor speed using the BPF of ÁL A were as described in Sect. 2.
The rotor rotational speed was calculated using the level difference ÁL A over 30 s and 1 min, which was obtained at six receiving points in 2010-11. Figure 10 shows a comparison between the estimated rotor speeds and actual mean values. The number of data were 2,355 for 30 s and 874 for 1 min. The cumulative distributions of the difference between the estimated rotor speeds and actual mean values are also presented in Fig. 11 .
The estimated rotor speeds agreed reasonably well with the actual mean values, whereas differences of more than 1.0 rpm between them were seen in a few cases. In the case of using data for 30 s, 90% of the estimated rotor speeds Max.
Ave.
Min. were within AE0:4 rpm of the actual mean speeds. Thus, the rotor rotational speed could be identified accurately by using the AM components ÁL A contained in the Aweighted sound pressure levels measured around the single wind turbine.
Apparent Sound Power Level Set on Basis of Estimated Rotor Speed
The apparent A-weighted sound power levels L WA set on the basis of the estimated rotor speed were compared with those based on the actual mean speed. Figure 12 shows the results in the case of using data for 30 s. The filled circles ( ) in the figure indicate the calculated mean L WA at 1.0 rpm intervals using the time-averaged Aweighted sound pressure levels L Aeq,30s . On the other hand, the unfilled circles ( ) at 0.5 rpm intervals [9] represent the mean values calculated using L Aeq,10s on the basis of the actual rotor speed, in accordance with IEC 61400-11:2012, and the solid line represents the regression formula derived from them.
The sound power levels based on the estimated rotor speed were in good agreement with those based on the actual value. Thus, in the case that the rotor rotational speed cannot be obtained, the radiation characteristics of the emitted noise can be determined by using the speed estimated from the AM components obtained around the single wind turbine. Note that the A-weighted sound pressure level depends on the direction of the measuring position, as shown in Figs. 7 and 12 (L Aeq ; L WA ).
CONCLUSIONS
The noise generated from wind turbines often causes psychological annoyance because of the AM or tonal components contained in WTN. In order to examine the horizontal distributions of the AM components at the ground level under actual operational conditions, field measurements have been performed around a single wind turbine over long periods. The magnitudes of the AM depth D AM,30s , which evaluates the strength of periodic fluctuations of the A-weighted sound pressure level over 30 s, in emission areas were distributed in the range from 1 to 5 dB. A distinguishable directivity pattern of the AM components was revealed, which tended to be highest at an angle of approximately 60 relative to the nacelle direction. This pattern may have been caused by trailing edge noise as well as the aerodynamic noise induced between the rotating blades and the tower, although a theoretical validation of this phenomenon will be needed. The time-averaged Aweighted sound pressure levels L Aeq,30s in the crosswind direction were almost 5 dB lower than those in the upor downwind direction, as reported in previous studies [8, 9] . In addition, almost all the magnitudes of D AM,30s still remained above 2 dB at a distance of even 200 m, whereas the A-weighted sound pressure levels decreased with increasing propagation distance from the wind turbine.
Furthermore, the rotor rational speed could be identified accurately by using the AM components ÁL A obtained around a single wind turbine. Thus, in the case that the rotor speed cannot be obtained, the characteristics of the apparent sound power level can be examined by using the rotor speed estimated from ÁL A .
In this experimental study, some effective results were found by using the measurement data around the single wind turbine; however, it is necessary to examine not only the horizontal distributions of the magnitude of the AM depth D AM at long distances but also the characteristics of D AM around multiple wind turbines, which are called wind farms, in order to assess WTN more accurately.
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